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Introduction {#sec1}
============

A decline in developmental potential occurs when oocytes remain unfertilized for prolonged periods in vitro: the timing for optimal fertilization and development in mice is less than 12 hr post ovulation ([@bib16], [@bib20], [@bib26]), and in human within 4--12 hr after ovulation/oocyte retrieval ([@bib6], [@bib16]). Delayed fertilization affects development at various stages, during preimplantation development ([@bib17]), implantation ([@bib6], [@bib28]), and development to term ([@bib6]).

In vitro postovulatory aging of oocytes occurs during prolonged in vitro culture of oocytes before fertilization, and its development capacity can be impaired in terms of preimplantation development and implantation rate. The decreased developmental rate is associated with an increase in chromosomal abnormalities, fragmentation, and abnormal configuration of metaphase spindles is often found in mouse postovulatory aged oocytes ([@bib23]). [@bib3] transferred oocyte genomes from 25--26 hr post oocyte retrieval into oocyte cytoplasm of 2--3 hr post oocyte retrieval, and found that postovulatory aged oocytes cannot develop beyond the two-cell stage; however, high blastocyst formation rate (86.2%) and offspring were obtained from reconstructed oocytes from 25- to 26-hr post oocyte retrieval nucleus and 2- to 3-hr post oocyte retrieval cytoplasm. Development to term was also obtained, although the efficiency was not compared with manipulated controls and thus did not suggest enough evidence for the availability of genome exchange to restore oocyte aging. The underlying molecular mechanisms of these defects remain poorly understood. Therefore, a better understanding of the molecular events that lead to a reduced developmental potential, and the development of methods to rescue abnormal cytokinesis, may have applications for reproductive treatment.

Here we use postovulatory aged mouse oocytes as a model of developmentally compromised oocytes to determine the utility of genome transfer to rescue developmental potential. Using a total of 50 nuclear transfer experiments on 1,645 oocytes, we found that abnormal localization of survivin and cyclin B1 is associated with abnormalities in cytokinesis, resulting in developmental failure of postovulatory aged oocytes. Genome transfer at either metaphase or interphase restored these defects, resulting in efficient development.

Results {#sec2}
=======

Postovulatory Aged Oocytes Show Poor Preimplantation Development {#sec2.1}
----------------------------------------------------------------

We used a model system for failed fertilization in which oocytes remain unfertilized for prolonged periods in vitro, resulting in developmental arrest at the cleavage stages ([Figure 1](#fig1){ref-type="fig"}A). To determine the timing of developmental decline of postovulatory oocytes in mice, we used parthenogenetic activation of oocytes instead of fertilization because it avoids the possibility that the contribution of the sperm genome can complement for potential defects in the oocyte genome. Oocytes were activated with ionomycin, 6-dimethylaminopurine (DMAP), puromycin, and cytochalasin B to prevent polar body extrusion, which results in diploid parthenotes. Control oocytes activated at 5 hr post oocyte retrieval developed efficiently to the blastocyst stage. Oocytes aged for 10 hr and 15 hr post retrieval showed greatly impaired preimplantation development compared with 5-hr incubated oocytes ([Figures 1](#fig1){ref-type="fig"}C and 1D). In addition, the cell number of both inner cell mass and trophectoderm of the few blastocysts derived from both 10- and 15-hr aged oocytes showed a lower cell number ([Figure 1](#fig1){ref-type="fig"}E), an indication for compromised development. Furthermore, no oocytes activated at 20 hr post oocyte retrieval could reach the blastocyst stage, and frequently failed at the first cleavage with extensive fragmentation ([Figure 1](#fig1){ref-type="fig"}C, arrowheads).

Genome Exchange at Meiosis Rescues Development of Postovulatory Aged Oocytes {#sec2.2}
----------------------------------------------------------------------------

To determine whether the poor developmental capacity of postovulatory aged oocytes was caused by cytoplasmic deterioration or chromosomal damage, or both, we performed nuclear genome exchange between 5-hr post oocyte retrieval oocytes and 20-hr post oocyte retrieval oocytes ([Figure 1](#fig1){ref-type="fig"}B). To reveal defects in the cytoplasm, we transferred the genome of 5-hr post oocyte retrieval oocytes into enucleated, 20-hr post oocyte retrieval oocytes (5G20C oocytes). Since spindle and chromosomes extracted from 5-hr post oocyte retrieval oocytes are normal, the development of 5G20C eggs would reveal cytoplasmic defects. As a control for these manipulations, we transferred nuclear genomes between 5-hr post oocyte retrieval oocytes (5G5C oocytes). Moreover, the genome from 20-hr post retrieval oocytes was transferred into 5-hr post oocyte retrieval oocytes (20G5C oocytes) to reveal damage to the DNA of postovulatory aged oocytes. The fusion rate of the auto- and hetero-transferred karyoplast-cytoplast pairs was 98.3% (980 of 996 oocytes observed), with no significant differences among the different groups. More than 97% of oocytes (1,605/1,645) survived the manipulations. After activation, 60.0% ± 7.4% of 20G5C oocytes developed to the blastocyst stage, but none of the 5G20C oocytes developed ([Figure 1](#fig1){ref-type="fig"}D). The cell number of the inner cell mass in 20G5C blastocysts was identical that of the blastocysts developing from nonmanipulated 5-hr post oocyte retrieval oocytes ([Figure 1](#fig1){ref-type="fig"}E). Twenty-three blastocysts obtained from 20G5C oocytes were used for embryonic stem cell (ESC) derivation and gave rise to six cell lines. Karyotyping analysis of the cell lines showed that its chromosomal number was normal, 40, XX ([Figure 1](#fig1){ref-type="fig"}H). Therefore, the cytoplasm was primarily affected by postovulatory aging, while the genome remained competent to support preimplantation development.

Development to Term after Fertilization of Reconstructed Oocytes {#sec2.3}
----------------------------------------------------------------

To determine whether nuclear genome transfer from postovulatory aged oocytes to newly ovulated oocytes could allow development to term, we fertilized 20G5C oocytes ([Figures 2](#fig2){ref-type="fig"}A and 2B). As a control, we used 5-hr and 20-hr post oocyte retrieval oocytes. Fertilization of both 20G5C and 5-hr oocytes was efficient (184/230 \[80.0%\], 570/626 \[91.0%\] fertilized) ([Figure S1](#mmc1){ref-type="supplementary-material"}), while fertilization of unmanipulated 20C oocytes was inefficient (12/145 \[8.2%\] fertilized). After in vitro fertilization (IVF), high blastocyst formation rates (77.5% and 63.0%) were observed in the unmanipulated 5-hr oocytes and 20G5C oocytes. Unmanipulated 20-hr oocytes and 5G20C oocytes did not develop beyond the 2-cell stage ([Figure 2](#fig2){ref-type="fig"}B). 20G5C oocytes developed in vitro to the blastocyst stage, and 141 embryos were transferred into seven pseudopregnant foster females, which resulted in the birth of 12 pups, 4 males and 8 females ([Figure 2](#fig2){ref-type="fig"}C). This is comparable with nonmanipulated 5-hr oocytes (8/100, 3 males and 5 females) and 5G5C oocytes (2/27, 1 male and 1 female). In addition, 10 of 12 pups derived from 20G5C embryos were fertile (10/12) for 10 months after delivery. One male and one female of 12 pups derived from 20G5C, as well as one male and one female of eight pups derived from nonmanipulated 5-hr oocytes, did not produce any offspring, suggesting that infertility was not related to the manipulation. Thus we found that genome exchange could rescue postovulatory aged oocytes and allow normal development to term. Consistent with our previous conclusion using parthenogenesis, developmentally competent cytoplasm was sufficient to fully restore developmental competence to a postovulatory aged oocyte nucleus.

Interphase Genome Transfer Is Also Effective at Restoring Developmental Potential {#sec2.4}
---------------------------------------------------------------------------------

The cytoplasm of oocytes at metaphase contains nuclear factors involved in DNA replication and gene expression during embryonic development (for review see [@bib8]). At interphase these factors localize to the nucleus, while mitochondria and components of the translation machinery localize to the cytoplasm throughout the cell cycle ([Figure 3](#fig3){ref-type="fig"}A). If factors involved in nuclear processes are affected by postovulatory aging, nuclear transfer at interphase might be unable to restore developmental potential because it would deplete factors from the developmentally competent oocyte and replace these with compromised nuclear proteins. For instance, replication in the presence of compromised DNA replication machinery might result in irreversible damage to the DNA. Therefore, transfer at interphase at different time points, at G~1~ or G~2~, can identify the cellular process/cellular compartment that is most affected by postovulatory aging.

We performed reciprocal pronuclear genome transfer between eggs activated 20 hr or 5 hr after oocyte retrieval. Transfer was performed at 3 hr after activation when cells were in G~1~ of the cell cycle, and preimplantation development was observed ([Figure 3](#fig3){ref-type="fig"}B). The transfer of nuclear genomes at interphase from eggs activated 20 hr after retrieval to eggs activated 5 hr post retrieval showed 53.7% (36/67 oocytes \[two experiments\]) development to the blastocyst stage ([Figure 3](#fig3){ref-type="fig"}C). On the contrary, only 3.0% (2/66 oocytes \[two experiments\]) of transfers from eggs activated at 5 hr to eggs activated at 20 hr post retrieval developed to the blastocyst stage. To determine whether nuclear DNA replicated normally in 20-hr oocytes, we also performed nuclear transfer at 10 hr after activation, corresponding to the G~2~ phase of the cell cycle ([Figure 3](#fig3){ref-type="fig"}B). These reconstructed eggs developed to the blastocyst stage at a similar efficiency as when transfer was performed at G~1~ (48.0%, 36/75 oocytes \[three experiments\]) ([Figure 3](#fig3){ref-type="fig"}C). Thus, the genome remains developmentally competent despite replicating in a developmentally compromised oocyte. On the contrary, only 3.0% (2/66 oocytes \[three experiments\]) transfers of nuclei from eggs activated at 5 hr post retrieval to the cytoplasm of eggs activated at 20 hr post retrieval developed to the blastocyst stage. Therefore, factors that remain cytoplasmic throughout the cell cycle are primarily responsible for the developmental decline of postovulatory aged oocytes. Nevertheless, a minor difference was seen between transfer at metaphase and interphase. A small number of 5- to 20-hr interphase transfer oocytes (3%) reached the blastocyst stage, while none reached the blastocyst stage when transfer was performed at metaphase ([Figure 1](#fig1){ref-type="fig"}D). Also, while interphase transfer rescued 48% of postovulatory aged oocytes, transfer at metaphase rescued 60%. This suggests that nuclear factors also contribute to the developmental decline of postovulatory aged oocytes, but to a much smaller extent than factors that remain cytoplasmic throughout the cell cycle.

Genome Exchange at Meiosis Rescues Chromosome Alignment and Spindle Function {#sec2.5}
----------------------------------------------------------------------------

In contrast to transfer at interphase, the transfer of a genome at meiosis also involves the transfer of the meiotic spindle. The replacement of spindle components could in principle affect developmental potential. Therefore, we investigated the molecular integrity and functionality of the spindle apparatus after postovulatory aging and after genome transfer.

We first investigated spindle morphology and chromosome alignment in 20-hr oocytes. Alignment defects were ranked from none, to mild, to severe ([Figure 4](#fig4){ref-type="fig"}A); chromosomes in the no chromosomal defect group aligned tightly on the metaphase plate, those in the mild chromosomal defect group showed misalignment on the metaphase plate, whereas chromosomes in the severe group were dispersed. The proportion of oocytes showing mild chromosomal alignment defects increased during postovulatory aging, and reached 56% at 20 hr ([Figures 4](#fig4){ref-type="fig"}B and [S2](#mmc1){ref-type="supplementary-material"}A). Severe abnormalities were only observed after more than 17 hr of postovulatory aging. To better understand chromosome alignment defects in postovulatory aged oocytes, we stained for kinetochores/centrosomes. Greater distances between sister kinetochores (interkinetochore) are thought to have a causal relationship with deterioration in chromosome cohesion and resulting mis-segregation in meiosis I of both young and reproductively aged oocytes ([@bib12], [@bib14]). We measured the distance between kinetochores marked by the centromeric protein Cenp A. The interkinetochore distance was increased in unmanipulated 20-hr aged eggs (2.34 ± 0.05 μm, mean ± SEM, n = 23 eggs, 130 kinetochore pairs) compared with unmanipulated 5-hr eggs (1.75 ± 0.05 μm, n = 14 eggs, 69 kinetochore pairs; p \< 0.0001) ([Figures 4](#fig4){ref-type="fig"}C and 4D). Increased interkinetochore distances were found in aged oocytes with both normal or mild metaphase II (MII) alignment defects.

To determine whether genome exchange can correct chromosome alignment defects, we performed genome exchange between 5-hr and 20-hr post retrieval oocytes. A reduction of mild severe chromosome alignment defects, though not statistically significant because of high variability, was seen when 20-hr genomes were transferred into 5-hr cytoplasm ([Figure 4](#fig4){ref-type="fig"}B). Conversely, the transfer of 5-hr genomes to 20-hr cytoplasm resulted in a deterioration of chromosome alignment, though not to the extent seen in 20-hr oocytes ([Figure 4](#fig4){ref-type="fig"}B). To determine whether transfer restored normal kinetochore distance, we transferred genomes from postovulatory aged to newly ovulated oocytes (20G5C oocytes). Oocytes were fixed 1 hr after manipulation. Interkinetochore distance was largely normalized (1.92 ± 0.04 μm, n = 15 eggs, 102 kinetochore pairs; p \< 0.0001) ([Figures 4](#fig4){ref-type="fig"}C and 4D). On the contrary, interkinetochore distance of 5G20C oocytes (1.71 ± 0.05 μm, n = 13 eggs, 55 kinetochore pairs) did not change compared with 5-hr oocytes (1.75 ± 0.05 μm, n = 14 eggs, 69 kinetochore pairs; not significant).

To examine functionality of the spindle after postovulatory aging and transfer, we activated oocytes and observed them at anaphase of the second meiosis. The majority of oocytes aged for 17 hr or more post retrieval failed to form a normal anaphase spindle and underwent cytokinesis with extensive fragmentation ([Figures 4](#fig4){ref-type="fig"}E and 4F). At 20 hr post retrieval, 75% showed abnormalities (153/204). Remarkably, transfer of the genome from 20-hr aged to 5-hr oocytes led to a significant and consistent improvement of spindle function at anaphase of MII. Ninety-seven percent of 20G5C oocytes (353/361) showed a normal anaphase spindle formation and cytokinesis (p \< 0.0001) ([Figure 4](#fig4){ref-type="fig"}F). A small number of abnormal segregation events (2.5%) remained ([Figure 4](#fig4){ref-type="fig"}F), corresponding to the percentage of severe abnormalities at metaphase. Conversely, when genomes from 5-hr oocytes were transferred to 20-hr cytoplasm, anaphase spindle morphology and chromosome segregation deteriorated dramatically. Only 45% of 20-hr oocytes (92/204) showed normal segregation ([Figure 4](#fig4){ref-type="fig"}F).

To determine the ability of postovulatory aged and transferred oocytes to cleave at the first mitosis, we suppressed the cytokinesis at the second meiosis using cytochalasin B. Oocytes formed two nuclei, but no polar body, and then entered mitosis. Fifty-five percent of 20-hr oocytes (101/182) fragmented ([Figure 4](#fig4){ref-type="fig"}G). On the contrary, 94% of 20G5C oocytes (190/201) showed normal cytokinesis (p \< 0.001). The improvement was seen independent of the cell-cycle timing of genome transfer: 190 of 201 cleaved normally after metaphase transfer at the second meiosis ([Figure 4](#fig4){ref-type="fig"}G), 62 of 67 after G~1~ transfer ([Figure 3](#fig3){ref-type="fig"}C), and 67 of 75 after G~2~ transfer at the first mitosis ([Figure 3](#fig3){ref-type="fig"}C).

Therefore, while cytoplasm from newly ovulated oocytes can restore normal spindle function and reduce the formation of errors at anaphase of meiosis or mitosis, postovulatory aged cytoplasm induces the defects in spindles that are normal at transfer. This is consistent with the conclusion that components of the cytoplasm are primarily affected by postovulatory aging.

Survivin and Cyclin B1 Mislocalize in Aged Spindles and Are Restored after Transfer {#sec2.6}
-----------------------------------------------------------------------------------

To identify the molecular determinants affecting cell division in postovulatory aged oocytes, we performed immunochemistry for key spindle components. Components of the chromosome passenger complex are critical components of chromosome segregation at anaphase and cytokinesis (reviewed in [@bib25]). Survivin is known to be a key component of the chromosome passenger complex in the formation of the midbody and localization of the cleavage furrow ([@bib24]). We found that survivin localized to the center of the spindle of all 5-hr oocytes, but 15% of 20-hr oocytes (6/40) showed an abnormal survivin localization pattern, such as in the cytoplasm apart from spindle or throughout the spindle randomly at metaphase (not significant) ([Figures 5](#fig5){ref-type="fig"}A and 5B). At anaphase of meiosis, survivin localized to the midbody in all 5-hr oocytes, but localized on the longitudinal axis of the spindle in most 20-hr oocytes (p \< 0.0001) ([Figures 5](#fig5){ref-type="fig"}C and 5D). A similar difference was seen at anaphase of the first mitosis: while 5-hr oocytes showed survivin localization to the midbody, 20-hr oocytes fragmented without proper chromosome segregation or distinct survivin localization (p \< 0.001) ([Figures 5](#fig5){ref-type="fig"}E and 5F). When we transferred genomes from postovulatory aged to newly ovulated oocytes (20G5C oocytes), the localization of survivin was normalized at all stages, at metaphase and anaphase of meiosis, and at anaphase of the first mitosis ([Figures 5](#fig5){ref-type="fig"}A--5F). In contrast, in 5G20C oocytes, survivin localization was abnormal at anaphase of meiosis and at anaphase of the first mitosis. These results suggest that aged cytoplasm adversely affects survivin localization and cytokinesis, while new cytoplasm ensures normal survivin localization.

We also determined the localization of cyclin B1, a kinase localized to both the cytoplasm and the spindle poles ([@bib11]). In 94% of 5-hr oocytes (128/135), cyclin B1 localized at the spindle poles ([Figure 6](#fig6){ref-type="fig"}A), but in 22% of 20-hr oocytes (35/162) multiple ectopic clusters of cyclin B1 were found in the cytoplasm (indicated by arrows in [Figure 6](#fig6){ref-type="fig"}A). Eighty-five percent of the 20G5C oocytes (17/20) showed normal localization of cyclin B1. On the contrary, only 8.3% of 5G20C oocytes (2/24) showed normal localization of cyclin B1 ([Figure 6](#fig6){ref-type="fig"}B). Amounts of cyclin B1 expressed in unmanipulated oocytes were also measured by immunoblotting ([Figure 6](#fig6){ref-type="fig"}C), but there was no significant difference between 5-hr and 20-hr oocytes (four experiments) ([Figure 6](#fig6){ref-type="fig"}D). Therefore, nuclear transfer restores localization and function of critical spindle components.

Genome Exchange at Meiosis Improves Development of Reproductively Aged Oocytes {#sec2.7}
------------------------------------------------------------------------------

To determine whether genome exchange can rescue reproductively aged oocytes, we transferred the genome of oocytes retrieved from aged mice (12 months) into enucleated oocytes retrieved from young mice (6--8 weeks) (12m8w oocytes) and observed blastocyst development after artificial activation ([Figures 7](#fig7){ref-type="fig"}A and 7B). We found that the transfer of the nuclear genome into young cytoplasm improved developmental competence ([Figure 7](#fig7){ref-type="fig"}B). The transfer of a young nucleus to an old cytoplasm also resulted in a modest improvement in developmental potential ([Figure 7](#fig7){ref-type="fig"}B). These results are consistent with the results of postovulatory aging. Further studies will focus on the molecular mechanism underlying how and why nuclear transfer restores developmental potential of reproductively aged oocytes.

Discussion {#sec3}
==========

The results presented here provide proof of principle that genome transfer can rescue developmentally incompetent oocytes. We reconstructed oocytes from 5-hr post oocyte retrieval cytoplasm and genomes extracted from oocytes left unfertilized for 20 hr post retrieval, and observed cleavage and development to term after IVF. The resulting offspring was normal and fertile. These results demonstrate although the genome remains largely unaffected by postovulatory aging, the ability of the cytoplasm to support development rapidly deteriorates. Postovulatory aged oocytes showed spindle abnormalities, increased kinetochore distance at metaphase, fragmentation at cleavage, and abnormal localization of cyclin B1 at metaphase, and of the chromosome passenger complex component survivin at anaphase. Remarkably, nuclear genome transfer into cytoplasm of newly ovulated oocytes could largely correct these defects. The converse experiment, the transfer of genomes from newly ovulated oocytes into aged cytoplasm, showed that these abnormalities are induced by the postovulatory aged cytoplasm.

Human embryos frequently fail to develop to high-quality blastocysts, a significant obstacle to IVF treatments. It is possible that genome transfer, as done for preventing transmission of mitochondrial disease ([@bib7], [@bib19], [@bib22]), might also be useful to improve fertility treatments. Although such experiments on human oocytes are yet to be conducted, developmental potential can be improved after transfer from aged to young mouse oocytes. We transferred oocyte genomes from mice aged 10--12 months (reproductive aging) into oocytes of young mice aged 6--8 weeks, and found that 50% (15/30) of 12m8w oocytes and 43.5% (17/39) of 8w12m oocytes reached blastocyst stage, whereas 10.2% (16/156) of reproductively aged oocytes developed. These results suggest that reproductive aging affects both genome and the cytoplasm. both genome and cytoplasm are damaged during reproductive aging. Consistent with our results, [@bib15] transferred oocyte genomes from mice aged 10--12 months into oocytes of young mice aged 3--5 months, and found that development to term increased from 6.3% for in vivo aged oocytes to 27.1% for the reconstructed oocytes.

Although the mechanisms of in vitro postovulatory aging and in vivo reproductive aging differ, there are some remarkable cytological similarities relevant to human reproduction. It has been reported that aging of human and mouse oocytes can result in disorganization of the spindle and defects in chromosome alignment ([@bib4]), including increased kinetochore distance ([@bib14]). Moreover, the frequent fragmentation seen in our postovulatory aged oocytes is reminiscent of the frequent fragmentation observed in human preimplantation embryos. Fragmentation is a common feature of human embryos ([@bib2], [@bib10]), and is reported to correlate with low implantation rate ([@bib1]) and low live-birth rate ([@bib13], [@bib21]), as well as with chromosomal abnormalities ([@bib5]) and apoptosis ([@bib10]). The molecular mechanisms leading to fragmentation are unclear; our data show that ectopic localization of cyclin B1 to cytoplasmic clusters is likely responsible for the frequent fragmentation of postovulatory aged oocytes. Thus genome transfer may be useful to restore developmental potential of oocytes for patients with high embryo fragmentation. Additional experiments are required to address these questions in human oocytes.

Experimental Procedures {#sec4}
=======================

Collection and Manipulation of Oocytes {#sec4.1}
--------------------------------------

Female B6D2F1 mice were superovulated at 6--8 weeks and 12 months by injection with 5 IU of pregnant mare serum gonadotropin (Sigma-Aldrich), followed 46--48 hr later by 5 IU of human chorionic gonadotropin (hCG, Sigma-Aldrich). Following the removal of cumulus cells by incubation in GMOPSplus (Vitrolife) containing 300 μg/mL hyaluronidase (Sigma-Aldrich), oocytes were washed thoroughly in synthetic oviductal medium enriched with potassium (EmbryoMax KSOM medium \[1×\] with 1/2 amino acids; Millipore) and then selected for collection based on morphology. The postovulatory aged oocytes were then incubated in KSOMaa at 37°C in an atmosphere of 95% air/5% CO~2~ for 15 hr and were used for subsequent experiments.

Oocyte Activation {#sec4.2}
-----------------

Oocytes were activated using 3 μM ionomycin in CZB medium for 5 min at 37°C, followed by culture in 10 μM puromycin, 2 μM 6-DMAP, and 5 μg/mL cytochalasin B for 3--4 hr. Activated constructs were cultured in KSOMaa medium. Oocytes at 20 hr post ovulation, 5G20C, 12-month aged oocytes, and 8w12m oocytes were placed into ionomycin containing medium twice, 1 hr apart, because one-time ionomycin treatment could activate only 25% of 20-hr oocytes (14/56 oocytes \[four experiments\]) or 37% of 5G20C oocytes (25/68 oocytes \[six experiments\]). After activation, 27% of 20-hr post oocyte retrieval oocytes (128/474) and 39% of 5G20C oocytes (128/327) did not form a pronucleus. On the contrary, 99% of 5-hr post oocyte retrieval oocytes (1,027/1,036) and 93% of 20-hr nucleus to 5-hr cytoplasm (299/321) oocytes (20G5C oocytes) formed a pronucleus, and thus were successfully activated. Culture was performed in an MINC incubator fed with gas containing 6% CO~2~, 5% oxygen, and 89% nitrogen at a flow rate of 20 mL/min.

Nuclear Transfer of Oocytes {#sec4.3}
---------------------------

Oocytes were placed in separate drops of GMOPSplus containing 5 mg/mL cytochalasin B (Sigma) covered with mineral oil (Irvine Scientific). Karyoplasts were aspirated into a pipette with a diameter of 20 mm (Humagen) after incubation in medium containing cytochalasin B for 3--5 min. If the karyoplast contained a larger amount of cytoplasm, the extra cytoplasm was removed by pressing the cytoplasm against the zona pellucida. Karyoplasts were inserted below the zona pellucida of another enucleated oocyte, and fused using either inactivated Sendai virus HVJ-E (GenomeOne, Cosmo Bio), diluted with fusion buffer 1:40, or direct injection, performed in cell fusion medium (0.26 M mannitol, 0.1 mM MgSO~4~, 0.05% BSA, and 0.5 mM HEPES) using two to eight fusion pulses of 20 μs width and 1.3 V cm^2^ strength (LF201, NEPA Gene) ([@bib19]). All manipulations were performed on a 37°C heated stage (Tokai Hit) of a Nikon TE 2000U inverted microscope, using Narishige micromanipulators.

In Vitro Fertilization, Embryo Culture, and Embryo Transfer {#sec4.4}
-----------------------------------------------------------

IVF was performed as described by [@bib18]. In brief, oocytes were collected from hormone-stimulated females 13 hr after injection with hCG. Sperm was obtained from the cauda epididymis of DBA2 and incubated at 37°C for 15--30 min in HTF medium (Kitazato) supplemented with 5% fetal bovine serum (FBS) before the addition of the oocytes. During the IVF procedure, to eliminate the negative effect of zona pellucida hardening in the aging process on the fertilization ([@bib27]) and also considering that manipulation itself introduces a hole into the zona pellucida, we opened all of the zona pellucida of oocytes for fertilization using a Xyclone laser. The presence of pronuclei was scored 8 hr after the initiation of the IVF reaction, and zygotes with two pronuclei were selected for uterine transfer. Fertilized eggs were cultured in KSOMaa medium for 4 days, and examined and photographed daily. Blastocysts were transferred to the uterus of day-2.5 pseudopregnant ICR females. Cesarean section was performed on embryonic day 19.5. Surviving pups were fostered to an ICR foster mother that had given birth either on the same day or 1--4 days earlier.

Blastocyst Outgrowth and Embryonic Stem Cell Isolation {#sec4.5}
------------------------------------------------------

For the derivation of mouse ESCs, blastocysts were plated on irradiated mouse embryonic fibroblast feeder layers in mouse ES medium containing the mitogen-activated protein kinase inhibitor PD98059 (Cell Signaling) and LIF (Chemicon) according to a standard procedure ([@bib18]). Zona pellucidae of blastocysts at day 4 post activation were removed using acidic Tyrode's solution (Sigma). The blastocysts were cultured individually in the ES medium on gelatinized chamber slides at 37°C in an atmosphere of 5% CO~2~.

ESC Chromosomal Counting {#sec4.6}
------------------------

ESCs were treated with trypsin and incubated in 0.56% (w/v) KCl, stained with Hoechst 33342, and fixed with a 1:3 mixture of glacial acetic acid and methanol. Chromosomal spreads of ESCs were stained with DRAQ5 (1:2,000) and counted for each cell line.

Ethical Approval for the Use of Animals {#sec4.7}
---------------------------------------

All experiments were conducted in accordance with the Laboratory Animal Care and Use Committee of Columbia University. Animal work was approved by the Columbia Institutional Animal Care and Use Committee.

Immunocytochemistry of Oocytes {#sec4.8}
------------------------------

Oocytes were fixed in 3% paraformaldehyde (PFA) and 0.125% Triton X-100 for survivin or cyclin B1 staining, or in 2% PFA and 0.25% Triton X-100 for centromere staining for 10 min at room temperature, permeabilized in PBS with 0.5% Triton X-100 for 30 min, and blocked in blocking solution consisting of PBS with 10% FBS and 0.05% sodium azide for 1 hr at room temperature. Immunocytochemical staining was performed by incubating in primary antibody at 4°C in blocking solution overnight, followed by secondary conjugated antibodies in blocking buffer at room temperature for 1 hr. The cellular DNA was stained with Hoechst 33342 for 5--10 min and used for confocal imaging. β-Tubulin antibody (Millipore, 05-661; Sigma, 118K4843), phospho-histone 3 antibody (Millipore, MABE76), survivin antibody (Cell Signaling, 71G4b7), and cyclin B1 (Abcam, ab72) at a concentration of 1:1,000, and anti-centromere protein antibody (Cell Signaling, 15--235) at a concentration of 1:100 were used. The appropriate secondary antibodies (immunoglobulin G \[IgG\]) (Molecular Probes/Invitrogen) were diluted at 1:1,000; goat anti-human (A-11013) or donkey anti-rat (A-20218) IgG conjugated with Alexa Fluor 488, donkey anti-rabbit IgG conjugated with Alexa Fluor 555 (A-31572), donkey anti-rat IgG conjugated with Alexa Fluor 594 (A-21209), and donkey anti-mouse IgG conjugated with Alexa Fluor 647 (A-31571). The cells were washed and viewed by laser confocal microscopy (LSM510, Carl Zeiss). All samples were processed simultaneously.

Immunoblot Analysis {#sec4.9}
-------------------

An amount of extracted protein corresponding to 100 oocytes was solubilized in sample buffer solution without 2-mercaptoethanol (Nacalai Tesque), loaded per lane of the NuPAGE Novex Tris-Acetate Mini Gels (Invitrogen), and transferred to Immobilon-P transfer membrane (Millipore). The membrane was soaked in skim milk containing TBST (Tris-buffered saline with 0.1% Tween 20) for 30 min at room temperature before an overnight incubation at 4°C with primary antibody, also diluted in blocking solution. The anti-cyclin B1 antibody (BD Pharmingen, 554,79) and anti-actin antibody (Abcam, ab8227) were used at 1:300 dilution. The membrane was then washed three times with TBST, incubated with a horseradish peroxidase-conjugated secondary anti-mouse (Cell Signaling Technology, 7076S) or anti-rabbit (7074S) antibody at 1:1,000 dilution directed against the primary antibody for 60 min, and washed three times with TBST. The signal was detected by enhanced chemiluminescence (SuperSignal West Dura Extended Duration Substrate, Thermo Scientific) following the manufacturer's recommendations.

Statistical Analysis {#sec4.10}
--------------------

Either a chi-square test or a one-way ANOVA with Bonferroni's multiple comparison testing was used for statistical analysis. Statistical analyses were performed using GraphPad Prism software (GraphPad). p \< 0.05 was considered to indicate statistical significance (^∗^p \< 0.05, ^∗∗^p \< 0.01, ^∗∗∗^p \< 0.001, ^∗∗∗∗^p \< 0.0001 in the figures).

Author Contributions {#sec5}
====================
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(B) Genome exchange between 5-hr and 20-hr incubated oocytes. The genome of 5-hr incubated oocytes is transferred into enucleated, 20-hr incubated oocytes (5G20C). After manipulation, they are artificially activated and observed for preimplantation development. A reciprocal exchange is also conducted.\
(C) Preimplantation development of activated oocytes. Arrowheads indicate fragmentation.\
(D) Genome exchange rescues preimplantation development of 20-hr incubated oocytes. The number of oocytes and the number of experiments (in parentheses) is indicated above each column. The error bars show mean ± SEM. ^∗^p \< 0.05, ^∗∗∗∗^p \< 0.0001; ns, not significant.\
(E) Cell numbers in blastocyst from genome exchanged oocytes. The total number of blastocysts and the number of experiments (in parentheses) is indicated above each column. The error bars show mean ± SEM. ^∗^p \< 0.05, ^∗∗∗^p \< 0.001, ^∗∗∗∗^p \< 0.0001; ns, not significant.\
(F--H) Oct4 immunostaining at blastocyst stage (F), ESC derivation (G), and karyotype of ESCs (H). Scale bars represent 20 μm.](gr1){#fig1}

![Genome Exchange at MII Rescues Full-Term Development of Postovulatory Aged Oocytes\
(A) Strategy for oocyte manipulation. The genome of 5-hr incubated oocytes is transferred into enucleated, 20-hr incubated oocytes (5G20C); oocytes are fertilized in vitro and allowed to develop.\
(B) Preimplantation development after in vitro fertilization. The total number of 2PN oocytes and the number of experiments (in parentheses) is indicated above each column. The error bars show mean ± SEM. ns, not significant.\
(C) Pups born after genome exchange (left) and fertile adults (right). The total number of transferred embryos and the number of experiments (in parentheses) is indicated.](gr2){#fig2}

![Pronuclear Transfer Restores Developmental Competence\
(A) Schematic for the localization of nuclear factors. At metaphase, nuclear factors (colored dots) disperse throughout the cytoplasm. At interphase, nuclear factors, such as those required for DNA replication, localize within the nuclear envelope.\
(B) Schematic for genome exchange between 5-hr and 20-hr incubated oocytes at interphase. Both 5-hr and 20-hr incubated oocytes are artificially activated while suppressing polar body extrusion and potentially abnormal cytokinesis of 20-hr oocytes. At interphase (3 hr and 10 hr after activation, respectively), reciprocal exchange is conducted and preimplantation development is observed.\
(C) Preimplantation development after pronuclear transfer at 3 hr and at 10 hr after activation. The total number of oocytes and the number of experiments (in parentheses) is indicated above each column. The error bars show mean ± SEM. ^∗^p \< 0.05, ^∗∗^p \< 0.01, ^∗∗∗^p \< 0.001, ^∗∗∗∗^p \< 0.0001; ns, not significant.](gr3){#fig3}

![Genome Exchange Restores Spindle Morphology and Function\
(A) Chromosome alignment in MII oocytes. Examples of defects in postovulatory aged oocytes are shown.\
(B) Frequency of abnormal MII alignment of nonmanipulated and manipulated oocytes. The total number of oocytes and the number of experiments (in parentheses) is indicated above each column. ns, not significant.\
(C) Immunofluorescence images of kinetochores, spindles, and chromosomes stained with Cenp A (green), p-H3 (red), and tubulin (purple) at MII. Scale bars represent 5 μm.\
(D) Quantification of interkinetochore distance for all (discernible) sister kinetochore pairs. Each dot shows one pair. The number of kinetochores and the number of oocytes (in parentheses) are indicated. ^∗∗∗∗^p \< 0.0001.\
(E) Chromosome segregation at anaphase of the second meiosis after artificial activation. Examples of chromosomal defects, spindle abnormality, and cytokinetic abnormality are shown. The areas bound by dashed lines present the second polar body (PB) (top) and fragmentation (bottom). Time cultured after oocyte retrieval before activation is indicated.\
(F) Frequency of abnormalities of nonmanipulated and manipulated oocytes at anaphase of meiosis. The error bars show mean ± SEM. ^∗^p \< 0.05, ^∗∗∗∗^p \< 0.0001; ns, not significant.\
(G) Frequency of abnormal first mitosis in nonmanipulated and manipulated oocytes at anaphase of first mitosis. ^∗∗∗^p \< 0.001, ^∗∗∗∗^p \< 0.0001; ns, not significant.](gr4){#fig4}

![Genome Exchange Restores Survivin Localization\
(A, C, and E) Immunofluorescence images of spindles and chromosomes stained with p-H3 (green), tubulin (purple), and survivin (red) at MII (A), anaphase of meiosis II (C), and anaphase of the first mitosis (E). Examples of normal and abnormal survivin localization are shown. All images are projections of confocal z series. Scale bars represent 5 μm.\
(B, D, and F) Quantification of localization patterns at MII (B), anaphase (D), and the first mitosis (F). The total number of oocytes and the number of experiments (in parentheses) is indicated above each column. The error bars show mean ± SEM. ^∗∗^p \< 0.01, ^∗∗∗^p \< 0.001, ^∗∗∗∗^p \< 0.0001; ns, not significant.](gr5){#fig5}

![Genome Exchange Restores Cyclin B1 Localization at Metaphase\
(A) Immunofluorescence at MII stage for p-H3 (red) and cyclin B1 (purple). Examples for normal and abnormal localization of cyclin B1 are shown. All images are projections of confocal z series. Arrows indicate ectopic clusters of cyclinB1 in the cytoplasm. Scale bars represent 5 μm.\
(B) Quantification of cyclin B1 localization patterns. The error bars show mean ± SEM. ^∗∗∗∗^p \< 0.0001; ns, not significant.\
(C and D) Western blotting analysis (C) and quantification (D) of cyclin B1 at MII and actin as a loading control. A representative result is shown from four independent experiments. The error bars show mean ± SEM. ns, not significant.](gr6){#fig6}

![Genome Exchange at MII Increases Preimplantation Development of In Vivo Aged Oocytes\
(A) Genome exchange between oocytes retrieved from young mice (6--8 weeks) and those from reproductively aged mice (12 months). The genome of reproductively aged oocytes is transferred into enucleated young oocytes (12m8w). After manipulation, they are artificially activated and observed for preimplantation development. A reciprocal exchange (8w12m) is also conducted.\
(B) Preimplantation development of activated oocytes. Preimplantation development was observed after activation for 4 days and counted every day.](gr7){#fig7}
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